Heritabilities (fa 2) and genetic correlations (rG) were estimated by regression of offspring on sire in two replicate, unselected lines of mice. Traits were associated with growth, feed efficiency, fat deposition and lean tissue. The fa 2 for growth traits ranged from .34 to .42~ except for 3-wk body weight, which was only .05. The 1~ 2 for feed efficiency was .28. Ranges in h 2 were .45 to .50 for fat deposition traits and .36 to .42 for lean tissue traits. The rG involving 3-wk to 6-wk feed efficiency with hind carcass and fat measurements at 12 wk were small. Antagonisms were^found between the sign of fG and the direction of usual breeding goals for pairs of traits (e.g., r G > 0 between fat deposition and hind carcass weight and fG < 0 between hind carcass as a percentage of body weight and body weight). Selection indexes were developed to counteract these antagonisms. Modified selection indexes were compared where responses in individual traits rather than the aggregate breeding value were of major importance. The aggregate breeding values and selection indexes included: 1) epididymal fat pad weight and body weight, 2) hind carcass weight and body weight, or 3) all three traits. Economic weights in retrospect were calculated for the modified selection indexes. In some cases, expected correlated responses in component traits were not influenced greatly over a wide range of ratios of economic weights, but in other cases the component traits changed sharply over a narrow range of ratios.
Introduction
The mouse has been a valuable model for animal breeding studies on genetic variability and selection responses in body weight, growth rate and feed efficiency (McCarthy, 1982; Malik, 1984) . Considerable emphasis in livestock breeding now and in the future will be directed toward genetic manipulation of fat deposition and lean tissue growth rate. Further studies using the mouse as a model to study genetic aspects of fat and lean tissue are hampered by lack of adequate estimates of genetic parameters for these traits and their genetic and phenotypic correlations with growth rate and feed efficiency. The objectives of the present 1Paper no. 10913 of the Journal Series of the North Carolina Agric. Res. Serv., Raleigh 27695-7601. The use of trade names in this publication does not imply endorsement by the North Carolina Agric. Res. Serv. of the products named, nor criticism of similar ones not mentioned.
2 Dept. of Anim. Sci. Received July 9, 1987 . Accepted November 23, 1987 study were to estimate heritabilities and genetic and phenotypic correlations for growth, feed efficiency and carcass traits in mice and to compare modified selection index criteria for improving growth and carcass traits.
Materials and Methods
Line Formation. The population was formed by reciprocally crossing two lines of diverse genetic origin. One line (M16) was derived from the ICR albino strain, obtained from the Institute for Cancer Research, Philadelphia, PA, and had been selected for rapid 3-wk to 6-wk postweaning gain (Eisen, 1975) . The second line (L6) was derived from a four-way cross of inbred lines (A/Jax, Balb/c, DBA/2Jax, AKR) and had been selected for small 6-wk body weight (Legates, 1969) . Relaxed selection had been practiced for a number of generations in both lines prior to crossing. To allow recombination to occur, the synthetic population was randomly mated for two generations, using about 75 sire-dam pairs per generation.
Two replicated control lines (Re1, Re2) were initiated in the F3 generation of the syn-thetic population as part of a selection experiment for components of body composition (Eisen, 1986) . Each line was maintained with 15 pair matings per generation. One male and one female were chosen randomly as replacements from each full-sib family within each generation, except where infertility or death required selection of a second family member. Matings were made at random, except that fullsib matings were avoided. Based on the mating system practiced, the effective population size was 60. The present study included data from 11 generations.
Data Collection. Male-female pairs were caged together for 16 d; during this period Purina Laboratory Chow 50013 was available ad libitum. Females then were caged individually and had ad libitum access to Purina Mouse Chow. Dams were checked daily for litters, and at 1 d of age litters were standardized to 10 pups, five males and five females, whenever possible. Foster pups were identified by clipping the tip of their tails. Pups were weighed and weaned at 3 wk of age, at which time foster pups were discarded.
At weaning, two randomly selected males from each litter were caged together to estimate feed consumption from 3 to 6 wk of age. Each male was weighed at 3 and 6 wk of age and 3-wk to 6-wk feed efficiency (100 • weight gain/feed intake) was obtained. Males were paired to eliminate the depressed feed intakes and growth rates generally associated with individually caged mice compared with grouped mice (Bakker et al., 1976) . The remaining mice in each litter were weaned and placed four to a cage; each cage contained individuals of one sex from at least two litters. Body weights were recorded at 3 and 6 wk of age.
Because carcass data (collected on males only) required that animals be killed, males were mated first to produce a litter for the next generation. Males on which feed intake was measured also were used for this part of the study so that correlations between feed test traits and carcass traits could be estimated. Following the mating period, males were killed by cervical dislocation at 12 wk of age. Body weight and naso-anal body length were recorded. The right epididymal and hind limb s.c. fat pads were dissected immediately and 3 Ralston Purina Co., St. Louis, MO.
weighed . The hind carcass was dissected and weighed. The hind carcass was defined as the skinned, eviscerated, fattrimmed tissue posterior to the lumbosacral joint and anterior to the first coccygeal vertebra, minus the tissue dorsal to the tibiotarsal joints (Bhuvanakumar et al., 1985) .
Weights of fat pads and carcasses also were expressed as a percentage of body weight. Epididymal fat pad weight/body weight (epididymal fat pad percentage) was used as a predictor of total body fat (Jagot et al., 1980; Eisen and Leatherwood, 1981) . Subcutaneous fat pad weight was recorded to compare heritabilities of two fat depots and their genetic correlation. Previous research has indicated that fat depots may respond differentially to selection for growth rate (Allen and McCarthy, 1980; Eisen, 1987) . Hind carcass weight/body weight (hind carcass percentage) was used as an indirect measure of lean tissue content; a preliminary study had found hind carcass percentage to be negatively correlated with epididymal fat pad percentage (-.57).
Two other traits were analyzed to determine their association with fat and lean depot measurements. Sharp et al. (1984) defined a lean index as body weight minus 8 • (gonadal fat pad weight), reasoning that the epididymal fat pad makes up approximately one-eighth of total body fat. Because only one fat pad was weighed in the present study, the lean index was modified as 12-wk body weight minus 16 x (12-wk epididymal fat pad weight). Lastly, 12-wk body weight/(body lengthf was calculated to determine its utility as a predictor of fat content in the same way that body weight/ (height) 2 is used in humans (Keyes et al., 1972) .
Statistical Analysis. The statistical model for an observation in male offspring was Ykln =/-/+ gk + rl + (gr)kl + b(Xkln --X) + ekl n where /a = overall mean of offspring, gk = effect of the k th generation, r I = effect of the 1 th replicate line, (gr)kl = effect of the (kl) th generation • replicate line interaction, Xkl n = sire observation, X = overall mean of sires and ekl n = random error term. The regression coefficient b refers to the regression of the i th trait in male offspring on the jth trait in the sire (boisj). If i = j, then the same trait was mea-sured in offspring and sire. Weaning weights of offspring and sire were adjusted by covariance analysis for size of litter in which each was reared. The sire's measurement was repeated for each progeny observation. Bohren et al. (1961) showed that if number of progeny per sire does not vary greatly, as was true in the present data, the repeated sire method is almost as efficient as the more complicated weighting procedure they described. Narrow sense heritability of the i th trait and its standard error were estimated as 1~ = 219oisi and SE(Ia~) = 2 SE(l~oisi), respectively (Falconer, 1981) . Genetic correlations between traits i and j were estimated as (Hazel, 1943) :
where the sign of fG was negative when both estimates in the numerator were negative and positive when the estimates were positive. Approximate standard errors of the genetic correlations were estimated as (Falconer, 1981) :
Phenotypic correlations (fp) were estimated as partial correlations adjusted for the main effects and interaction effect in the statistical model described above. The heritability estimates of offspring on sire for feed intake and feed efficiency had to be modified because two sibs were caged together and individual observations were unavailable. Therefore, for the i th trait b~i~-i = Coy(Of, Si)/Vg-si where Oi = (Oil + O2i)/2 = the mean of two progeny of sire Si, Si = (Si + Ui)/2 where U i is a full sib of S i and a paternal uncle of Oli and O21. Taking the expectation of the sample regression coefficient gives b~ff i = (3/4)h~/(1 + ti) , and rearrangement provides the estimate of heritability as fa? = (4/3)(1 + ii)l~i~i where ti is the intraclass correlation among full sibs.
Comparison of Selection Indexes. Many of the traits in this study could be incorporated into a selection index. Traits associated with growth and body composition were used because of the importance of understanding how selection indexes can be used to increase growth and lean tissue and decrease fat deposition. Traits used were 12-wk body weight (W), a measure of growth to a constant age; epididymal fat pad weight (F), highly correlated with total body fat (Jagot et al., 1980) ; and hind carcass weight (C), an indirect measure of lean tissue (Bhuvanakumar et al., 1985) . It was assumed that the traits can be measured on selected individuals after they have mated (Eisen, 1986 ). An alternative approach would be to develop an index based on sib selection for the carcass traits. Correlated responses in the percentages of F and C (100F/W and 100C/W) also were predicted when of interest. Selection indexes based on F and W; C and W; and F, C and W were compared.
The conventional selection index (Hazel, 1943) Several modified selection indexes were compared in which responses of the individual traits, rather than the aggregate breeding value, were of major importance. In these cases the economic values were calculated retrospectively as a = G-1Pb, assuming n = m. For simplicity, it was assumed that the same traits were involved in H and I. The first of the modified indexes was the base index, m I = ~ ajPj, j=l proposed for situations when estimates of genetic parameters are unavailable (Williams, 1962) . This empirical index was applied to the prescnt data by using as bj values the economic weights defined above for the conventional index (Hazel, 1943) . Similar approaches have been adapted in actual selection index experiments (Lax et al., 1979; Campo and Rodriguez, 1985) . The lean index (Sharp et al., 1984) , described earlier, is an impirical index in which the rationale for the bj values is based on different considerations.
Other indexes were used to modify individual traits or a function of the traits. The desired gains index (Pesek and Baker, 1969; Yamada et al., 1975) was defined in the present study to give expected responses proportional to for each trait. The restricted index was used to predict zero responses for specified traits (Kempthorne and Nordskog, 1959; Cunningham et al., 1970) . The genetic covariance index (Searle, 1965) was applied to determine the value of using body weight as a covariate to increase the response in hind carcass weight or fat pad weight. Alternatively, the phenotypic covariance index was applied by adjusting a component weight for body weight, based on the phenotypic regression of component weight on body weight (Osborne, 1957) . Finally, selection to maximize response in the ratio of two traits (e.g., C/W) was adapted as a selection index (Smith, 1967; Lin, 1980; Eisen, 1981) .
Results
Means and Standard Deviations. Means and phenotypic standard deviations are displayed in Table 1 . Variation in traits associated with adiposity was large (e.g., coefficient of variation (CV) = 37.5% for epididymal fat pad percentage), whereas variation in traits associated aMale progeny pooled within replicate control lines and generations; residual degrees of freedom (df) = 995 for traits 1 to 10, df = 1,839 for trait 11, df = 1,818 for traits 12 and 13 and df = 357 for traits 14 and 15. Correlations. In general, genetic and phenotypic correlations for the same pair of traits had the same sign. An exception was the negative ?p and positive rG between feed intake and feed efficiency, but rG had a large standard error.
The rG between epididymal fat pad percentage and hind carcass percentage was negative, but rG was positive between epididymal fat pad weight and hind carcass weight. The fG was positive between epididymal fat pad percentage and 12-wk body weight, but negative between hind carcass percentage and 12-wk body weight. Genetic correlations between 12-wk body weight and epididymal fat pad weight and between 12-wk body weight and hind carcass weight were positive. The genetic correlation between epididymal and s.c. fat depots was high on both a weight and a percentage basis. Body weight and body length at 12 wk of age were highly correlated. The genetic and phenotypic correlations of 12-wk body weight/(body length) 2 with fat depot traits suggest that this ratio would not be a better predictor of adiposity than body weight or length. The rG between lean index score and hind carcass weight was high, but fG between lean index and adiposity traits were low.
The rG between 3-wk to 6-wk weight gain and feed intake was high, as was rG between gain and feed efficiency. The genetic correlations involving feed intake and feed efficiency, on the one hand, and body component traits, on the other hand, are important in determining selection strategies. Because body component traits were obtained at a later age than feed intake and feed efficiency, these correlations may be different from comparable correlations measured at the same age. The rG and fp between 12-wk and 6-wk body weight were high, as were rG and re between 12-wk body weight and 3-wk to 6-wk gain, feed consumption and feed efficiency. The fG involving 3-wk to 6-wk gain and feed consumption, on the one hand, and epididymal fat pad and hind carcass traits, on the other hand, generally were high, but rG involving 3-wk to 6-wk feed efficiency and these body component traits were small and not significantly different from zero. The genetic correlations involving the s.c. fat pad with feed efficiency and feed consumption were smaller than those involving the epididymal fat depot.
Selection Indexes. The first selection index contained W and F as component traits (Table  3 ; parenthetical numbers in discussion below refer to criteria in Table 3 ). The antagonism between growth and fat deposition is apparent here, for the greater the negative response obtained for F, the smaller was the response in W, and vice versa. In the present example, the base index (2) had a higher response in W than the conventional index, but the opposite was true for the response in F. This result was due to the relatively larger positive economic weight for W in the base index compared with the conventional index. The desired gains index (3), designed to increase W and decrease F in proportion to was a compromise between the two restricted indexes (4a and 5).
The lean index (4b), proposed by Sharp et al. (1984) , was'found to be nearly equivalent to the restricted index (4a), holding F to almost zero gain and increasing body weight by 1 g and carcass weight by 108 mg (Table 3) . The genetic covariance index (7), which used body weight to increase the accuracy of predicting AF, was only slightly more efficient than direct selection for decreasing F (9). The phenotypic covariance index (6) did not predict as large a decrease in F as the genetic covariance index (7), but it had the advantage of not reducing C and W nearly so much. If the goal was to obtain the largest negative response in F/W, then the index designed to do so (8) and the covariance index (7) were best, but they were only marginally better than singletrait selection for decreased F (9).
The selection indexes designed to improve W and C simultaneously have the advantage of a positive genetic correlation between W and C (Table 4 ; parenthetical numbers in discussion below refer to criteria in Table 4 ). The conven- (2) indexes gave similar responses in W and C, even though the ratio of economic weights showed a fourfold difference. The desired gains index (3) did not differ greatly from (1) and (2). The index restricting response in C to zero (4) did not appear to have any particular advantage, but restricting W to zero had a relative advantage in that F was decreased as a correlated response (5). Using W as a genetic covariate (7) to increase the accuracy of response in C relative to single-trait selection for C (9) was not greatly advantageous, nor does there appear to be any advantage in using W as a phenotypic covariate (6) other than the reduced response in W, should that be desired.
Maximizing response in C/W by use of index (8) yielded concomitant reductions in C and W, which is particularly disadvantageous if an increase in lean tissue weight is desired. The different selection index criteria defined in Tables 3 and 4 , including single-trait selection, all have economic weights that can be calculated in retrospect from a = G-1Pb, even though in most cases these economic weights were not considered in the initial derivation of the index weights. The coordinate of the response in the component trait and the ratio of economic weights for a specific modified selection index represents a specific point on the continuous curve relating the expected responses to the ratios (Figures 1 and 2 ). These curves have several purposes. First, if economic values are unknown, using a modified index (e.g., the desired gains index for W and F Table 3 ) plotted as a function of the ratio of economic weights (aw/aF). selection strategies such as the phenotypic covariance index (6) or the base index (3) (Figure 1) . Second, these curves can be used to assess the effect of using incorrect economic weights on the response of component traits.
Several points are apparent from the plots of these curves in Figures 1 and 2 . For the selection indexes involving W and F, the expected response in W was approximately linear over a wide range of ratios of economic values. However; the expected response in F was not linear over the same range of ratios. In contrast, over a much narrower range of ratios, the responses in W and F were fairly stable. Figure  2 shows that responses in W and C were stable over a broad range of ratios of economic weights, whereas another segment of the curve indicates that small changes in the ratio had dramatic effects on the responses in each trait.
The final set of selection indexes involved simultaneous selection for W, F and C (Table 5 ; parenthetical numbers in discussion below refer to criteria in Table 5 ). The conventional (1) and base (2) indexes gave similar results, both increasing the responses in W and C substantially while allowing a small increase in F. The restricted index holding F to zero gain (3) yielded about 77% and 89% as much response in W and C, respectively, compared with the conventional index. All three desired gains indexes (4, 5, 6) showed a small decrease in F; of these, (6) showed the largest expected response in C. Obviously, other desired gains indexes can be developed, which would result in greater negative responses in F, but at the same time the positive responses in C and W would be reduced. Table 4 ) plotted as a function of the ratio of economic weights (aw/aF). For criterion 4, the response in W that lies on the curve is -.79 g, whereas the response in W above the curve is .79 g. .o
Regressions of offspring on sire provided estimates of genetic parameters for components of body composition, growth, feed intake and feed efficiency in two replicate unselected lines of mice. Moderately high heritability estimates for 12-wk epididymal fat pad percentage, hind carcass percentage and lean index generally agreed with realized heritability estimates (Sharp et al., 1984; Eisen, 1986) . Proportions of additive genetic variation for the s.c. and epididymal fat pad weights and percentages were similar in the present study. Saxton and Eisen (1984) measured these traits at a younger age (6 wk) on a comparable diet (control) and found similar estimates of heritability for s.c. fat pad weight and hind carcass weight, but a lower estimate for epididymal fat pad weight. However, on a high-fat diet, the magnitudes of ~2 for the s.c. and epididymal fat pad weights were reversed. The conclusion is that the indirect measures of body fat and lean used in the present study have relatively high additive genetic variances and should respond readily to selection, with the fat measurements expected to yield relatively greater responses.
Antagonisms were found between the sign of rG and the direction of typical breeding goals for pairs of traits. For example, fat depot weights and percentages were genetically positively correlated with body weight and hind carcass weight, whereas selection goals in livestock usually would be to decrease fat and increase growth rate and carcass weight. A second antagonism occurred between hind carcass percentage and body weight because they were genetically negatively correlated, yet a typical breeding goal would be to increase both traits. Therefore, selection for increased hind carcass weight and(or) body weight should simultaneously involve selection for either decreased or zero change in fat content.
The lean index selection criterion came very close to satisfying this breeding objective (Table  3) . Sharp et al. (1984) found a small realized genetic correlation of .12 between the lean index and epididymal fat pad percentage, which was not significantly different from the offspring-sire fG of --.01 -+ .15 in the present study. Sharp et al. (1984) also reported that selection for increased lean index resulted in increased weight of body fat and protein and decreased fat percentage, whereas selection for a decreased lean index led to decreased protein weight and increased fat percentage with no change in fat weight.
The interpretations of genetic correlations between feed intake or feed efficiency traits and body composition traits are restricted to the specific ages compared. Overall, rG involving indirect measures of 12-wk lean body mass, fat weight and fat percentage were positive with 3-wk to 6-wk feed consumption, although hind carcass percentage and feed consumption were negatively correlated. The latter correlation came about because animals with a larger hind carcass percentage were smaller, and thus consumed less feed. The genetic correlation between lean index and 3-wk to 6-wk feed intake was not significant (fG = .21 + .15) and was smaller than the realized genetic correlation of .53 between lean index and 4-wk to 6-wk feed intake adjusted for 4-wk body weight (Sharp et al., 1984) . This discrepancy may be due to the adjustment of feed intake for initial body weight. Whereas the genetic correlations between 3-wk to 6-wk feed efficiency and body weight or lean index were high, other genetic correlations involving 3-wk to 6-wk feed efficiency with hind carcass and fat depot weights or percentages of body weight were relatively small. Therefore, selection for feed efficiency should have minimal effects on fat deposition, but should increase growth rate and lean body mass considerably. However, if the breeding objective is to increase lean tissue growth and simultaneously decrease body fat, a selection index with these goals may be more effective than selection for feed efficiency per se.
In situations where relative economic weights for a selection index may be difficult to define (Baker, 1974) , the base, restricted or desired gains indexes may be useful alternatives to the conventional index. Other selection indexes without economic weights have been proposed. Elston (1963) used a nonlinear index defined as the product of phenotypic values. Baker (1974) found that a linear approximation to the index suggested by Elston (1963) gave results similar to the desired gains index when applied to a selection index for growth rate and feed efficiency in swine. Baker (1974) found that three selection indexes, derived without economic weights (Rouvier, 1969) , were not satisfactory for most animal breeding situations.
An objective criterion for comparison of the modified selection indexes is difficult to obtain because the modified indexes have different retrospective economic values. Baker (1974) proposed that different modified selection indexes can be compared by summing the absolute values of expected responses in additive genetic standard deviations of the component traits if it is assumed that a change in one additive genetic standard deviation is equally important for all traits. This assumption was not considered valid in the present study. Therefore, the approach taken was to compare responses in component traits of the index.
In addition, economic values in retrospect always can be determined for the modified selection indexes if the necessary phenotypic and genetic parameter estimates are available. The retrospective ratios of economic values for specific modified selection indexes represent unique points on a continuous curve relating the ratios with responses in component traits (Figures 1 and 2 )~ These relationships may provide useful insight into choosing appropriate economic values for specific breeding goals. The conclusion from the present study is that, in some cases, expected correlated responses in component traits of the aggregate genotype are not affected greatly over a wide range of ratios in economic weights. Our conclusion is in agreement with the results of Vandepitte and Hazel (1977) and Allan et al. (1985) . On the other hand, over other ranges in the ratios, the expected correlated responses can change sharply or gradually, either linearly or nonlinearly. Smith (1983) reported similar results while describing the efficiency of selection indexes when incorrect economic values are chosen. These results indicate that it is not possible to predict the magnitude of loss in efficiency of response in component traits and aggregate genotype caused by choosing incorrect economic weights.
